Executive Summary
Accelerator-driven systems for fissile materials production have been proposed and studied since the early 1950s. Recent advances in beam power levels for small accelerators have raised the possibility that such use could be feasible for a potential proliferator. The objective of this study is to review the state of technology development for accelerator-driven spallation neutron sources and subcritical reactors. *Energy and power requirements were calculated for a proton accelerator-driven neutron spallation source and subcritical reactors to produce a significant amount of fissile material-plutonium.
This study determined lower limits on key parameters of the accelerator which tiect plutonium production-namely, particle beam current (or power) and particle energy. Analyses were performed to determine the plutonium production capability of a proton accelerator as a spallation neutron source for driving neutron multiplication in a subcritical reactor containing source material. The study focused on subcritical reactors composed of natural uranium-fbeled, thermal neutron lattices including those typical of both production and commercial power reactors. The technology associated with natural uranium blankets is in publicly available literature and would be readily available to proliferators. Two kilograms per year was set as the reference amount for production of plutonium in the reactor. This was chosen to coincide with the international convention for physical protection of Category I-High Strategic Significance nuclear material.
The analyses show that, depending principally upon the lattice configuration and the proton energy, accelerators with proton energies of 1.0 giga electron volts (GeV) and operating at beam power levels of 50-100 kW can practicably produce 2 kg/year of plutonium. At lower proton energies (i.e., around 0.15 GeV) where the production of neutrons by spallation falls to approximately one neutron per protoq the beam power requirement rises to several hundred kilowatts to produce 2 kg/year of plutonium. Medium-energy particle accelerators, including cyclotrons, are feasible for producing plutonium. Several known commercial accelerator design consultants may be capable of designing suitable systems. These accelerators need to be enhanced by higher levels of blanket multiplication in order to produce the quantities of plutonium that are of concern to this study. For small blanket lattices containing 25 metric tons (MT) ofnatural uranium, which is approximately the same loading * Note on terminology: The report refers to subcritical reactor" in describing a device that maintains an intense neutron flux level when driven by an external neutron source. It has characteristics intermediate between a conventional reactor able to sustain neutron multiplication without continuing external neutrons and a subcritical facility unable to sustain the fission process. A subcritical reactor can multiply neutrons from the external source to attain neutron flux levels and fission power otherwise attainable only in a nuclear reactor. Other related terms used in this report come born historical usage in reactor physics and engineering; they include the term "electronuclear breeder," coined in the 1950s to describe the accelerator/subcritical reactor concept and terms describing the building blocks of reactors (e.g., "piles," "lattices").
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as would be expected in a small, low-power, graphite-moderated research reactor, the use of an optimally conilgured light-water-moderated blanket lattice produces the minimum value of required beam power. The estimated minimum beam power, as a fimction of beam energy, required to produce 2 kg/year of plutonium using an optimally configured, light-water-moderated lattice loaded with 25 MT of natural uranium ranges from 60 kW at 1 GeV to 350 kW at 0.15 GeV. No accounting has been made for small negative reactivity feedbacks that tend to increase the required beam power to compensate for reduced lattice multiplication. The estimate of minimum beam power depicted in the figure provides a lower bound for the accelerator required to drive a subcritical production lattice that would be of a size and uranium mass nearest that of the smallest critical production reactor using graphite as a moderator. The authors believe that the calculations presented herein are of sufficient accuracy for the purposes of the present study. However, other factors to take into account for further refinement of the calculations are technical aspects of the target design (such as net neutron production tiom spallation, multiplication of neutrons in @get material, and the target system neutron leakage) and of the blanket design (such as blanket lattice multiplication; plutonium production efficiency, in the blanket lattice; and reactivity feedbacks in the blanket, including xenon-135 production and increased temperatures if the blanket is operated at high power densities).
The analyses suggest that production of significant quantities of plutonium with a proton accelerator-driven system may be feasible for a proliferant nation, given the estimated beam energy level and power requirements. Additional aspects to consider in an overall feasibility assessment include critical equipment and technologies required for such systems and their overall availability, either through indigenous development or importation, to a proliferant nation.
.

Introduction
Accelerator applications in basic scientific research and isotope production have led to advances in the beam power levels attainable in smaller units. An accelerator-driven spallation neutron source coupled with a subcritical assembly of source material is capable of producing fissile material for nuclear weapons. Because recent advances in the field of accelerator design have led to smaller, more capable accelerators, concerns have been raised regarding possible uses of accelerators in programs of proliferation concern. Large-scale accelerators may potentially be used as the key component of an electronuclear breeder fhcility, which is a combination of a subcritical reactor and a strong neutron source created by an accelerator-driven neutron spallation source; advanced nuclear nations in Europe and elsewhere are currently evaluating such concepts. The technology for building subcritical reactors composed of natural uranium-fheled thermal neutron lattices including those typical of both production and commercial power reactors with natural uranium blankets is in the public domain and would be readily available to proltierators.
The Nuclear Transfer and Supplier Policy Division of the U.S. Department of Energy is conducting a study of the proliferation potential of accelerator systems drawing upon technical staff of Argonne National Laboratory (ANL), Los Alarnos National Laboratory (LANL), and Oak Ridge National Laboratory (ORNL). The team was tasked to provide approximate estimates of the requirements for an accelerator to produce 2 kg of plutonium-239 (23%%)per year. Two kilograms per year was chosen to agree with the amount of plutonium recognized by international convention for physical protection as Category I-High Strategic Significance material (Annex II, "Categorization of Nuclear Material," INFCIRC/274/Rev. 1, May 1980).
The specific thrust of the present effort has been to perform analyses of a number of possible accelerator systems with and without subcritical reactors. This report presents an overview of the first phase of the accelerator study. The conclusions thus far are presented after describing the assumptions and analysis techniques used by ORNL and ANL in their independent work.
Historical Perspective on Fertile-to-Fissile Materials Conversion
and Breeding Using Accelerator-Driven Systems
The use of accelerator-driven systems to convert fertile materials into fissile materials or to breed fissile materials is not anew idea. The first man-made plutonium was produced in 1940 using a deuteron accelerator and a natural urtiuM target. The work of E. O. Lawrence and others at Livermore starting in 1947 led the United States to sponsor an initially classified project directed toward building an accelerator for the production of weapon-grade fissile material in competition at the time with proposed new production reactors then planned for Hdord and Savannah River [1]. The MTA (or Materiais Testing Accelerator) Project [2] ended in 1954 when it was concluded by the U.S. Atomic Energy Commission that the technology was not available at that time to build such a device. The project documentation was declassified in 1957. Starting in the 1950s and into the 1980s, Canada studied the possibility of energy production and breeding in accelerator-driven (or electronuclear) subcritical fast reactors [3] [4] [5] . Russian scientists initiated studies of the feasibility of electronuclear fhel production in the late 1960s and early 1970s [6, 7] . In the 1970s and 1980s, similar studies of accelerator-driven fmt breeders were conducted by the The results of U.S. studies in the late 1970s determined that an accelerator-driven sodiumcooled fast breeder blanket of stainless steel-clad uranium oxide pellets would be capable of producing about 1000 kg/year of plutonium but would require an accelerator producing 1.O-GeV protons at a current of 300 mA with a total power requirement for the facility of 628 MW (300 MW in the beam). Currently, both Europe and the United States are designing new 1.0-to 1.3-GeV proton research accelerators as pulsed neutron sources that are capable of operating with beam powers of 1-5 MW. The United States and France are also both developing high-power accelerators for tritium production [23, 24] . The initial concept for the U.S. design of a tritiurn production accelerator was based on using a 1.O-GeVproton, 200-mA beam capable of operating at a continuous beam power of 200 MW. That concept is now reportedly being changed to a 1.7-GeV proton, 100-mA beam capable of operating at a continuous beam power of 170 MW but producing approximately the same net number of neutrons from primary and secondary spallation due to the higher particle energy. Although the planned accelerator projects approach the levels of beam power needed for producing significant quantities of plutonium in fast neutron breeder blankets, it should be noted that scaling up the beam power on an accelerator has many more uncertainties than scaling up the power on a reactor.
Recently, Russia has proposed using an accelerator as a means to dispose of plutonium. Using off-the-shelf graphite reactor tec~ology, the Russian proposal would use an accelerator to drive a 3, Ion-Accelerator Systems
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The principal stages of an ion-accelerator system able to produce materials for nuclear weapons are (1) the ion source/injector assembly, (2) the various acceleration stages, and (3) the postacceleration stage composed of the beam transport system and the target. Power supplies and computer-based control systems are needed to operate each of these stages. Accelerator systems have a few key parameters which best describe their capabilities succinctly: the final energy of the accelerated particle, the ion accelerated (mass and charge), and the usefid average beam current. The beam power is the product of the energy of the accelerated particle and the usefhl average beam current. Large-scale accelerators may potentially be used as the key component of an electronuclear breeder facility, which is a combination of a subcritical reactor and a strong neutron source created by an accelerator-driven neutron spallation source to drive the reactor to high power. Like a commercial power reactor, nuclear heat horn an electronuclear breeder can be turned into steam and, subsequently, into electrical power to drive the accelerator (this is known as power regeneration). In this application, protons (mass 1, charge 1) or deuterons (mass 2, charge 1) are accelerated to an energy on the order of 1 GeV and impinge upon a suitably designed target material such as lead, lead-bismuth, mercury, uranium, or thorium. Heavy metals are most typically used as target materials due to lower nuclear binding energies with increasing atomic mass, leading to an increase in neutron yield per unit of bean ener~invested.
The process of transmuting materials such as lithium into tritium, and uranium into plutonium, is very energy-intensive. If every accelerated ion were to yield a product atom, about 97,000 coulombs of electrical charge would be required to yield 1 mole of product (e.g., 3 g of tritium, 239 g of 23?Pu).A coulomb [the Standard International (S1) unit of charge] is the charge carried by 1 ampere (A) in 1 second. This amount of charge can be delivered at a current of 1 mA in 27,000 hours, or 3.08 years. The effective yield depends on the nuclear cross sections of the processes being used. The nuclear cross sections are, in general, strongly dependent upon the energy of the accelerated ion, as well as on the choice of ion. The yield of neutrons per spallation event is roughly linear with the energy of the incident charged particle, above about 0.3 GeV. Optimization of yield per unit cost is a principal factor in choosing the energy of the output beam. For ion accelerators considered in this study, the yield of neutrons per spallation increases with -favoring the highest energy achievable. But one can trade off beam current with maximum energy beam energy: twice the beam current wi@ half the beam energy will still produce the same yield, provided that the reduced beam energy is above about 0.3 GeV. However, as the energy of the output (accelerated) beam increases, the size of the accelerator increases, as does its fabrication and operating costs. Beam power is the product of beam current and particle energy. Therefore, an accelerator which provides a 100-MeV, 0.005-A beam, while operating at 25°/0efficiency, requires 2.0 MW of electrical grid power. In the beam energy range of interest for this study, at a given energy, an accelerator has a peak current beyond which it is not feasible to operate. Hence, beam current and accelerated ion energy are closely intertwined by physical design constraints, rather than being simply parameters. Advances in the state of the art continue to push the design constraints.
Summary of the Technical Investigations
Technical investigations were performed independently by Oak Ridge National Laboratory (ORNL) and Argonne National Laboratory (ANL). The work addressed the feasibility and capability of existing and near-term accelerators to produce up to 2 kg of weapon-grade plutonium annually. The ORNL results were aimed at defining maximum possible yields from a few selected subcritical designs including lattices very similar to those used in previous production reactors. The ANL resuhs were airned at determining the performance of a very simple design using light water coolant with natural uranium oxide rods in a typical light water reactor (LWR) lattice without optimization (i.e., without designing for the best pin size, the best lattice pitch and so forth, to maximize reactivity and subcritical multiplication). Consequently, the ORNL results predicted substantially less beam power or neutron source strength than was predicted by the ANL results to produce 2 kg/year. The two sets of results are therefore complementary, because the study approaches were complementary.
ORNL Technical Investigations
Nuclear physics calculations were performed such that rough estimates could be made of the accelerator sizes (in terms of powen particle energy times current) required to produce 2 kg of weapon-grade plutonium annually. Since 2 kg of 23%ucorresponds to 5 x 1024atoms, a production rate of 1.6 x 1017atoms/second is required. In an ideal world, that is, one in which no losses of 23@u occur either because of nuclear absorption during production or because of chemical losses during reprocessing or extractio~the required neutron capture rate in uranium-238 (238U)would be equal to the required production rate of 23?Pu.Thus, without any additional neutron production through multiplication (i.e., fission neutrons), an accelerator and target capable of producing 1.6 x 10*7 neutrons/second would be required.
A current state-of-the-art, high-power, high-energy accelerator would be similar to the l-GeV proton accelerator currently under consideration for the National Spallation Neutron Source (INNS). An accelerator equivalent to the NSNS will be capable of producing approximately 40 neutrons from each 1-GeV proton incident on a natural uranium target [27] . If each of these neutrons were captured in 238U,a proton current of 640 pA or an equivalent beam power of 0.64 MW would be required to produce 2 kg of weapon-grade plutonium annually. On the other hand, a low-energy (but highest power offered) commercially available 150-MeV proton accelerator producing one neutron per proton would be required to operate with a proton current of 26 mA and an equivalent beam power of 3.85 MW. The initial operating power of the NSNS is to be 1 MW. State-of-the-art low-energy proton accelerators operate with currents on the order of a few milliamperes. Thus, without additional neutron production or "multiplicatio~" a high-energy accelerator design approaching current state of the art or a low-energy accelerator design an order of magnitude beyond currently available technology would be required to produce 2 kg of weapon-grade plutonium annually even under perfect conditions.
ORNLStudy Assumptions
ORNL technical investigations addressed(1) the neutron physics of relatively low-technology, multiplying-production blankets using unregulated moderator materials and natural uranium and (2) existing and near-term accelerators that can produce the neutron source necessary for feasible production in low-technology blankets. Use of unregulated moderator materials was assumed since potential proliferators would use accelerators to bypass the regulatory controls on nuclear-grade graphite and heavy water, which would be the prefemed choices for use in production reactors.
The specific thrust of the ORNL effort was to perform a cursory, parametric analysis of a number of possible blanket or neutron multiplying assemblies subject to several constraints on the potential proliferator. These constraints are that (1) enriched uranium (at any enrichment level) is not available or attainable as a fissile material and (2) nuclear-grade graphite and/or heavy water are not available or attainable as moderating materials. Consistent with current export controls, nucleargrade graphite is defined as graphite containing less than 5 ppm by weight of natural boron or the equivalent in terms of parasitic absorption. Five blanket assemblies were initially analyzed:saturated homogeneous uranyl nitrate in water assembly (actually, fidly hydrated uranyl nitrate was assumed, which is more of a watery crystal than a solution); saturated uranyl nitrate in water containing a heterogeneous assembly of unclad natural uranium fuel pins; a water-moderated, water-cooled assembly containing unclad natural uranium fuel pins (in reality, metal-clad pressure tubes and possibly a restraint grid would be required, but these were not included in the current scoping study); a non-nuclear-grade graphite-moderated, water-cooled assembly containing aluminum-clad natural uranium fuel pins, where non-nuclear-grade graphite is defined as having a density of -1.6-1.7 g/cm3 with impurities equivalent to 5 ppm natural boron, and a non-nuclear-grade graphite-moderated, C02-cooled assembly containing aluminum-clad natural uranium fiel pins (in real@, magnesium alloy clad would be used instead of aluminum, but this should not make a significant neutronic difference for the purposes of this study).
Resultsfrom InfiniteCell Calculations
Infinite cell calculations were first pefiormed for each assembly to determine the infhite multiplication factor, that is, km,and to obtain cell-weighted cross sections for fhrther analysis using the CSAS 1 control module in the SCALE 4.3 code system [28] . All neutronic calculations were performed at room temperature.
SCALE employs three fictional models to petiorm the ifilnite cell calculations: BONAMI, NITAWL-11, and XSDRNPM. BONAMI and NITAWL-11 treat resonance self-shielding, and XSDRNPM performs a one-dimensional discrete ordinates transport calculation to obtain the kmand the cell-weighted cross sections. Comparative calculations were carried out for 1-in.-diameter fhel pins in a small number of different cell pitches using most of the standard cross-section libraries in SCALE 4.3, and the resulting km's were compared against one another and with km's obtained using the point energy Monte Carlo code MCNP [29] . The immediate outcome of this comparison was that without going to more than 200 neutron energy groups, only the ANSL-V [30] 39 and 99 energy group neutron cross-section libraries (containing 29 thermal neutron energy groups) proved adequate for the present analysis. Since the ANSL-V 99 neutron energy group cross-section library provided more energy resolution at the higher neutron energies (i.e., above thermal energies) and most of the calculational effort is expended in the thermal energy range, it was chosen for use in the current analysis.
The calculated maximum km's and the fiel pin diameter and fiel cell pitch yielding the rnaxirnurn kmfor the heterogeneous water-moderated and graphite-moderated assemblies are given in Table 1 . Since the km's for both the homogeneous and heterogeneous uranyl nitrate assemblies were much less than 1.&that is, 0.59 and 0.83, respectively-an extensive search for the combination of&l pin diameter and fkel cell pitch that produces the largest k= was not carried out for the heterogeneous uranyl nitrate assembly. However, estimates of the '*U neutron capture rates and therefore the 239Puproduction rates in these two types of assemblies were made.
In addition to optimal fhel pin diameter, cell pitch, and kd the infinite subcritical source multiplication defined by
is also presented in Table 1 for the water-moderated and graphite-moderated assemblies. This is the subcritical source multiplication that would occur if an external neutron source having the same energy and spatial distribution as the fimdamental mode fission source was introduced into the Mlnite cell model. 
ScopingResultsof FiniteAssemblyCalculations:Effectsof AssemblySize and SourceNeutronEnergy
In an actual finite assembly, the effective neutron multiplication factor or eigenvalue, that is, k~fi,would be lower than km.However, the subcritical source multiplication factor (or source-driven effective eigenvalue) given by k scm = 1 -M14-,m should be somewhat higher than kefisince the source would most likely be located in a region of high neutron importance (i.e., the center of the subcritical muh.iplying assembly). As the size of the ftite assembly is increased and the value of kcffapproaches that of k., k~m should also approach kem This effect is illustrated in Table 2 .
As noted above, the water-moderated assembly contained unclad fuel pins, whereas the graphite-moderated assemblies contained aluminum-clad fiel pins. In all of the calcdations, the fiel pin clad thickness and coolant gap thickness were taken to be 0.9 and 1.5 mm, respectively. In addition, the coolant channels in the graphite-moderated assemblies were lined with 1.6 mm of aluminum. These thicknesses are characteristic of the corresponding thicknesses in the I%nford graphite-moderated, water-cooled production reactors. Examination of the Mm'sin Table 1 quickly reveals that the "optimized" C02-cooled graphite-moderated assembly produces by a substantial amount the greatest number of fission neutrons per source neutron.
One-dimensional transport calculations were performed to obtain estimates of the 23*Ucapture rate and therefore the 23%%production rates for finite sizes of each assembly. Spherical onedimensional models of each assembly were then constructed by determining the spherical radius r which would yield the same geometric buckling as a cube or pile of size L; that is, r = L/(3)%. The cell-weighted cross sections obtained from the infinite cell calculations together with homogenized nuclide number densities for the fiel, cladding, moderator, and coolant were employed in these calculations, and all of the calculations were carried out with the XSDRNPM code. Table 2 illustrates the effect of size of the subcritical multiplying blanket on source multiplication and 238Ucaptures. In Table 2 , the 238Ucapture efficiency (UCE) is defined as the 238U captures per source neutron divided by the subcritical source multiplication. Table 3 and Figs. 1 through 3 illustrate the effect of the energy of the source neutron from the spallation target on source multiplication and 238Ucaptures.
The 238Ucaptures per 2.5-MeV source neutron for each type of blanket assembly are presented in Table 4 . The value of 2.5 MeV was chosen as a fixed value of source neutron energy in this set of scoping calculations because it corresponds to the energy of neutrons emerging from deuteriumdeuterium (D-D) reactions used in light targets. Results are presented for three different sizes of blanket assemblies or "equivalent piles." The homogeneous uranyl nitrate assembly was analyzed only for an equivalent pile size of 8 ft. The heterogeneous uranyl assembly was analyzed for 8-, 10-, and 12-fi equivalent pile sizes, and the same 238Ucapture was obtained. If the homogeneous assembly had been analyzed for a larger equivalent pile size, it is possible that the resulting 238U capture per source neutron could be up to a factor of two higher. The results for the water-moderated, water-cooled assembly are given for both the 8-and 40-ft equivalent pile sizes. The results for the two other blanket assemblies are given for a 40-ft equivalent pile size since this was the largest size analyzed and approaches a pile of infinite size. ..,,,,*,,,,,,,,,,.,,.,,,. As noted above, the 23*Ucaptures per source neutron in Table 4 were found only for 2.5-MeV neutions. The results reported in Table 3 and Figs. 1 through 3 illustrate the effect of the energy of the source neutron from the spallation target on source multiplication and 238U captures. To determine the 23*Ucaptures per source neutron as a fbnction of source neutron energy for each of the water-moderated and graphite-moderated blanket assemblies, adjoint one-dimensional spherical transport calculations were pefiormed using the 23*Umacroscopic capture cross section as the adjoint source. The calculated adjoint scalar flux within each energy group at the location of the neutron sourc=that is, at the center of each assembly-is the number of 238Ucaptures per source neutron produced within that energy group.
Using the adjoint-weighted method, the 238Ucaptures per source neutron for the graphitemoderated, C02-cooled; graphite-moderated, water-cooled; and water-moderated, water-cooled blanket assemblies are illustrated in Figs. 1,2 , and 3, respectively, for 8-, 16-, and 40-ft equivalent pile sizes. For the graphite-moderated assemblies, the results are fairly insensitive to source neutron energy except for energies above 4 or 5 MeV. Above these energies, the 23*Ufission cross section approaches that of uranium-235 (235U), and neutrons Ilom fast fissions of 238U contribute substantially to the subcritical source multiplication. This in part explains the historical interest in fast neutron breeding blankets, discussed in Section 3. For the water-moderated assembly illustrated in Fig. 3 , there is a noticeable drop in the 23*Ucaptures above 10 to 20 eV. This drop occurs because source neutrons born at this energy must negotiate the effects of resonance absorption in the 23*U, which actually reduces the net 23*Ucaptures because it reduces the thermal fission and subcritical 235U In the graphite-moderated assemblies, this drop does not occur because the multiplication in . cell pitch is much greater than the fuel pin diameter and source neutrons entering the system above 10 to 20 eV have a good chance of scattering through the '8U resonance range and causing fissions and multiplication. This is not the case in the water-moderated, water-cooled assemblies where the pitch is just slightly greater than the fuel pin diameter. In these assemblies, the neutrons entering the 23*Ubefore they can system have a high probability of entering the fhel and being absorbed in the contribute through fission to the subcritical source multiplication.
Similar to the results given in Table 3 , Fig. 4 illustrates the behavior of the UCE, which is the ratio of 238Ucaptures per source neutron divided by the subcritical source multiplication, for the 8-, 24-, and 40-ft equivalent graphite-moderated, C02-cooled blanket assemblies as a Iimction of source neutron energy. Both Table 3 and Fig. 4 show that the UCE is essentially 0.36 at all source neutron energies for all equivalent pile sizes. The 238Ucaptures per source neutron energy is for all practical purposes simply a constant (the UCE) times the subcritical source multiplication (M_,C~) at the same source neutron energy, as also evidenced by the behavior of the 23*Ucapture in the water-moderated blanket assembly.
Resultsof FiniteAssemblyCalculationsUsingthe Adjoint-WeightedNeutronSource from a Proton Accelerator-Driven Uranium Target
To obtain estimates of the actual number of 238Ucaptures that might occur from acceleratorproduced neutrons, calculations for the neutron source spectrum were performed for 150-MeV and 1-GeV protons incident on a natural uranium target. These calculations were carried out using the high-energy transport code HETC leak from the natural uranium target. The resulting neutron source leakage spectra from the target were then folded into the data in Figs. 1 through 3 to obtain the average number of'~captures per source neutron. The results fkom this folding are presented in Table 5 .
The results in Table 5 indicate that the energy of the accelerator (i.e., proton energy) is unimportant in determining the number of 23*Ucaptures per source neutron. Using the 23*Ucapture values in Table 5 for the uranyl nitrate assemblies and the values in Table 5 for the graphitemoderated and water-moderated assemblies allows the current and equivalent power required for 150-MeV and 1-GeV accelerators to produce 2 kg/year of '9Pu to be, estimated assuming ideal conditions (i.e., a 23*Ucapture rate of 1.6 x 1017captures per second), These requirements are summarized in Table 6 .
The required beam currents and powers in Table 6 indicate that a single high-energy, state-ofthe-art accelerator could under ideal conditions produce 2 kg/year of 239Puwith any of the thermal neutron blanket assemblies analyzed here. However, to produce 2 kg/year of 239Pu with off-the-shelf, low-technology, 150-MeV accelerators, 4 to 18 such units would be required. For practical considerations of engineering design, the question must be posed as to whether the larger equivalent piles are realistic. Table 7 presents the masses of mtural uranium metal in each size of equivalent pile considered in the study.
A typical large-sized graphite-moderated, gas-cooled production reactor such as France's G2 and G3 used a metallic fhel loading of about 120 MT [32]. The rated thermal power level of each of the G2 and G3 reactors was 200 MW so that the average power density was -1.7 MSV/MT. The graphite-moderated, water-cooled HdordN-Reactor held 365 MT of metallic fhel, and the loadings in the older graphite-moderated, water-cooled Hanford piles ranged from 150 to 200 MT [33] . The Hanford N-Reactor had a rated thermal power level of 4000 MW so that the average power density was -11 MW/MT. The largest modern light water reactors use enriched uranium oxide as fuel but have an equivalent metallic loading of about 100 MT or less. The results presented in Table 7 would indicate that a cubic pile with a side length of 8.5-9.8 m (28-32 R) is about the largest practical size for the graphite-moderated systems and that a cubic pile with a side length of about 2.44 m (8 ft) is most likely the largest practical size for the light-water-moderated system. However, for the purpose of producing 2 kg/year of plutonium, a potential proliferator would weigh the option of building a small critical reactor versus that of building an accelerator-driven subcritical reactor in which the power density and production capacity would be much lower at least for the low-power accelerator beam. Table 8 illustrates the relative core sizes and masses of natural uranium fiel for several small reactors that have been built, have characteristics similar to larger production reactors, and would likely serve as analytical benchmarks or engineering prototypes for a potential proliferator. There are no light-water-moderated mtural uranium critical experiments or reactors because criticality is not possible with light water moderation and natural uranium.
Considering the likely engineering limitations on constructing large thermal piles and the likely limitations on access to natural uranium, the most realistic estimates of minimum accelerator currents and beam powers would appear to be based on assuming that the minimum mass of natural uranium in the pile should be greater than 25 MT so as to be comparable to the smallest-sized reactor alternative. Results of analyses petiorrned assuming a subcritical pile loaded with 25 MT of natural uranium are presented in Table 9 .
- Comparing the results in Tables 6 and 9 indicates that the effect on the beam requirements due to limiting the size of the production blanket to that dictated by engineering experience is largest for the graphite-moderated, C02-cooled pile (up to a factor of 6.7 between side lengths of 4011 and 12.7 fi) and least for the water-moderat~water-cooled pile (only a factor of 1.7-1.8 between side lengths of 40 ft and 5 ft). Most significant is that the water-moderated, water-cooled lattice is both the smallest and most efficient at a loading of 25 MT of natural uranium. The effects of size reduction can be explained as follows: q Both of the graphite lattices have relatively widely spaced fuel pins (as shown in Table 1 ) and large thermal neutron migration areas, so smaller pile sizes tend to increase neutron losses due to leakage from the pile. The effects are more pronounced in the COz-cooled lattice where the larger, voided cooling holes reduce the effective density of the graphite. Water is a more effective neutron moderator, and the fhel pins in the water-moderated lattice are much more tightly packed (as shown in Table 1 ). Therefore, neutron leakage born the watermoderated lattice tends to be much smaller overall than in the graphite-moderated lattices as the pile sizes decrease. At larger pile sizes, the larger thermal neutron capture cross section of hydrogen in the water is a more significant effect than that of the 5 ppm of natural boron simulated in the calculations of the graphite lattices.
The results indicate that unless only a very low power accelerator is obtainable, there is no need for a potential proliferator to invest in graphite and the efforts that it entails to produce or to risk exposure while attempting to procure large quantities of an export-controlled material. However, other significant effects must be addressed, as discussed below.
Other Effectson MinimumBeam Power Requirements
Four effects that were not treated in the ORNL study reported above may alter the accelerator beam current and power requirements from those listed in Table 7 . The four effkcts are as follows:
Fission product buildup (particularly, equilibrium xenon concentration that produces a near-term significant negative reactivity effect). Temperature-dependent effects such as change in the graphite thermal neutron scattering with increased temperature (tends to be a positive reactivity effect), moderator density changes in the 238Uresonance Doppler water-moderated lattices (tends to be a negative reactivity effect), and broadening in all the lattices due to blanket structural heating (tends to be a negative reactivity effect). The changes in the heavy metal isotopics due to 235Uburn-up (tends to be a negative reactivity effect) and 239Pu burn-in (tends to be a positive reactivity effect). The realistic structural requirements for the water-moderated assembly in terms of cladding, pressure tubes, and grid support provided inherently by the graphite in the other lattices.
The burn-in of 2391% tends to increase subcritical source multiplication through fission contributions.
On the other hand, fission product buildup, changes in moderator density, and 238U resonance Doppler broadening generally tend to reduce subcritical source multiplication. Increasing graphite temperature increases the average energy of the thermal neutrons and thereby typicaIly increases subcritical source multiplication by reducing the losses of thermal neutrons to impurities in the graphite that tend to have neutron absorption properties that vary inversely with neutron velocity. In an actual production facility, blanket rod change-out would have to be more frequent in the high power regions to ensure a high enrichment of '?PU and it is not believed that the effect of 239Puburn-in would be very great over either a short irradiation period or a low exposure (i.e., exposure at a low power density). On the other hand, fission product buildup and 238Uresonance broadening could possibly produce a notable decrease in the 238Ucaptures per source neutron. Similarly accounting for the actual structural-materials requirements for the water-moderated lattice can be expected to decrease 238Ucaptures per source neutron, but this can be mitigated partially by reoptimization of the lattice design and carefid materials selection (such as use of aluminum at lower temperatures or zirconium alloys at higher temperatures). Although significant additional calculational effort wouId be needed to quanti~the actual change in the lattices stidied above, other practical considerations can be used to bound some of these effects to a first-order approximation.
It is noted that the rule-of-thumb for thermal neutron reactors is that the production rate of plutonium is about 0.25 kg per megawatt-year of thermal energy production. This value correlates to an "effective " 238Ucapture rate of about 0.26238U captures per source neutron, which in the case of a reactor is only fission source neutrons. But, in general, the fission-source-normalized 238U capture rates and the total-source-normalized UCES for the lattices considered in the ORNL study are about 0.4.
Comparison with the ANL Study
A brief subsequent study was performed incorporating several of the effects discussed above in order to provide a basis for comparison to the ANL study reported in the next section. In this latter brief study, infinite cell calculations were performed for VVER-1 000 type fuel elements moderated in light water. In these calculations, the 4.4°/0enriched uranium oxide of the VVER-1000 fbel was replaced with mtural uranium oxide. Key parameters for the blanket assembly are (1) a blanket fiel pellet radius of 0.386 cm, (2) an outer zirconium clad radius of 0.4582 cm, and (3) a triangular blanket rod pitch of 1.27 cm. Separate cases by different analysts were run using WIMS and SCALE. At room temperature (20°C), WIMS predicts a k. of 0.875 (M. = 8.0), whereas SCALE predicts a kmof 0.879 (M== 8.26). When compared with the values of kmand M_.presented in Table 1 for the cases studied by ORNL, it is evident that the iniinite subcritical multiplication of the WER-1 000 lattice is about a factor of five to six lower than that of either the graphite-moderated, water-cooled assembly or the water-moderated, water-cooled assembly. This ratio would be expected to be preserved for the largest lattices analyzed by ANL, and this appears to be the case as evidenced by the difference in estimated minimum beam power requirements between the ORNL and ANL restihs.
In additiou using the heavy-metal isotopics depletion option in WIMS that includes fission products, the ORNL WIMS model of the WER-1 000 infinite cell was used to simulate operation at a power density of 3 MW per metric ton of natural uranium. This is compared to the ORNL studies where the average power density is inferred to be less than 0.4 MW per metric ton of natural uranium. At a fuel temperature of 200 'C and a moderator coolant temperature of 20 'C (i.e., assuming conditions closest to the warm fhel case as assumed in the ANL study), the initial km before burn-up was predicted to be 0.8619 (Ma = 7.24 ). This result indicates that for a 0.013 incremental decrease in the value of km,the infinite subcritical multiplication decreases about 10°/0 for the higher fi.xeltemperature conditions assumed for this case. After simulating 30 days of depletion, k@was calculated to be 0.8572. After 90 days of simulated depletio~km was predicted to be 0.8688. Therefore, almost 90 days of exposure is needed for kmto exceed its initial value at the assumed power density. After 360 days of simulated operation without changing the blanket elements, predicted kmrises to 0.9003 due to plutonium burn-in.
Replacing the VVER-1 000 blanket rods after each 30 days at 3 MW per metric ton of natural uranium results in a predicted plutonium production of 1.31 kg/year per metric ton of natural uranium with the discharged 239Pucontent at 98.4°/0. This equates to 0.44 kg of plutonium per megawatt-year compared to the reactor rule-of-thumb of 0.25 quoted previously. The same case in WIMS was also executed at a power density of 10 MW per metric ton of mtural uranium. Again, simulating the replacement of the blanket rods every 30 days results in a predicted plutonium production of 4.28 kg/year per metric ton of natural uranium. This equates to 0.42 kg of plutonium per megawatt-year compared to the reactor rule-of-thumb of 0.25. Both results imply a UCE of about 0.45, which compares favorably with the values of the infinite lattice, fission-source-normalized '8U capture rates (0.405 to 0.438) shown in Table 1 .
The differences in the ORNL and ANL results are that (1) ANL selected a lattice that is not optimally moderated (i.e., a factor of five or so lower subcritical source multiplication) and (2) ANL assumed conditions of powered operation that yield a much larger temperaturedependent reactivity effect that further contributes to reducing subcritical source multiplication. ANL thus predicts much higher requirements for beam power to produce 2 kg/year of plutonium.
ANL Technical Investigations
Technical analyses at ANL considered the case where a proliferator acquires a stock of natural uranium oxide, together with the ability to produce typical pressurized water reactor (PWR) fuel assemblies in simplified form. Zirconium would be preferred (and was used in the calculation for worst-case results), but aluminum could be used with little penalty for low-burnup, low-temperature applications. In fact, using aluminum cladding with metallic uranium fiel would be preferred for simplicity of fabrication and reprocessing. Both the United States and Russia used graphitemoderated reactors with aluminum-clad uranium metal fhel, slightly enriched, for their plutonium production. A proliferator may decide not to acquire a large mass of graphite or heavy water if he finds that light water can be effective enough. Both of those moderators are export-controlled. Base calculations considered natural uranium only. Later, the use of slightly enriched uranium and optimization of the lattice pitch were investigated. To begin, it was assumed that the proliferator was not interested in a substantial design effort to optimize the neutronic petiormance of the fbel lattice. A proliferator simply would copy Iypical PWR practice (i.e., use of uranium oxide fhel) from the public domain. Optimization of the simple lattice chosen for this study required minimizing the lattice pitch in order to maximize the fbel reactivity and neutron multiplication. Since the coolant volume fiction was then reduced to the geometrical minimum, it was concluded that heat removal requirements would limit the practical reduction of lattice pitch. It was determined that plutonium production rates could increase by a factor of about three for fiel discharged at 1000 MWd/MT by reducing the lattice pitch to the minimum, provided that the heat could be removed.
The codes and methods used were LEOPARD, for neutron cross sections in four groups (sufficient for typical PWR calculations); and VENTURE, for neutron flux calculations given a fixed source of neutrons located at core center. In this case, the "core" is not a critical reactor, and it need not have any control systems. It simply must be cooled commensurate with its power capability when driven by an intense spallation neutron source. All of the spallation neutrons were assumed to begin their life in group 1 of the cross section set (between 10 MeV and 0.821 MeV). One could improve upon and veri@ this assumption in the fhture by using the WIMS code to create a cross section set with more energy groups in this range. Fuel was exposed to less than 1 MWd/kg in order to limit the buildup of higher isotopes of plutonium (i.e., to keep the product mostly 239Pu). VENTURE petiorrned a burnup calculation using cross sections generated for high-power, hightemperature conditions. This introduced fission products and nonhnearities in isotopic compositions, thereby achieving a more realistic plutonium production rate estimate than would be achieved horn projecting zero-burnup reaction rates.
Results for plutonium production rate versus neutron source strength were obtained for three subcritical core loadings, that is, 1, 10, and 70 MT of natural uranium. It was assumed that the system operates at 100°/0capacity factor. The 1.10/0enriched core has a kcffof about 0.847 for the 1-MT loading and 0.977 for the 1O-MTloading. It goes critical for the 70-MT loading (kefi=l .014). The results appear to be tiected little if the cladding is aluminum or if the operating conditions are not at high temperature and pressure.
No assumptions were made about the nature of the spallation neutron target. R was simply replaced by a "point" neutron source at core center. For ease of verification the new results are not in triangular-z geometry, but in spherical geometry. This is a conservative assumption in that the neutron leakage is minimized and the multiplication is maximized over that of a more realistically engineered core in the shape of a cylinder or a hexagon.
Engineering considerations about local power peaking near the target and about heat removal from the target must be dealt with to operate subcritical cores at high power. One could expect to reduce power peaking effects near the central target (which is prefemd, because the neutrons have less chance to leak from the system) by having multiple targets, either beam-switched or from multiple smaller accelerators.
The target neutron source strength needed for an annual production rate of 2 kg at 100% capacity factor is shown in Table 10 . If the natural uranium fhel is enriched to 1.10/0,the source strength is reduced by more than 400A, to 5.0 x 1016neutrons/second. Similarly, the 10-MT loading when enriched to 1.10/0cuts the source by almost a factor of 10, to 5.5 x 1015neutrons/second. Proton Accelerator Power and Accelerator Facilities ANL calculated the power of a proton accelerator required to produce 2 kg/year of plutonium. The calculations used the revised neutronics results for the effect of a spallation neutron source on typical LWR natural uranium fuel in a subcritical assembly. ANL considered 1-, 10-, and 70-MT uranium loadings with the corresponding neutron yiekls of 8.6 x 1016,5.2 x 1016,and 4.5 x 1016, necessary for the annual 2 kg of plutonium production. Los Alamos LAHET-MCNP neutron production calculations were used to compute the proton current required to achieve these threshold yields for two types of targets: solid uranium and liquid lead. ANL's results are shown graphically in Fig. 5 . Table 11 shows selected data for the points in Fig. 5 . It gives the number of neutrons per spallation proton of usable leakage (the Los Alamos calculations using the LAI-IET-MCNP code) and the corresponding accelerator power as a fimction of proton energy. Tables 12 and 13 were obtained under three different assumptions for the operating conditions, as follows: q hot: fuel pellets at 530"C, coolant at 285 "C (545 "F) and 124 bars (1800 psi) (normal at-power PWR conditions); q warm: fuel pellets at 300 'C, coolant at 150"C and 6.9 bars (100 psi); and q cold: fiel pellets at 20"C, coolant at 20"C and 1.4 bar (very low power operation). 
Conclusions
The key parameters of the accelerator which ailect plutonium production are particle beam current and particle energy. The production rate of plutonium is strongly dependent on system design. The conclusions of this study show that the production rate is proportional to beam power (the product of beam current times the energy of the incident particle) over a ftily wide energy range (0.3 GeV to at least 10 GeV). Below about 0.15 GeV, the spallation neutron production rate declines rapidly, making such designs quite ineffective. Therefore, our concern is concentrated on a particular class of accelerators at high energies. High-energy particle accelerators do not require high-technology blankets to produce sufficient quantities of plutonium to be of concern. Mediumenergy particle accelerators, including cyclotrons, are also a feasible means of producing plutoniw but these need to be enhanced by high levels of blanket multiplication to produce quantities of plutonium sufficient to be of concern.
The ORNL calculations demonstrate that the use of metal fiel in optimized blanket lattices allows the use of high-energy proton accelerators with beam powers as low as a few tens of kilowatts to produce 2 kg/year of plutonium. The ANL calculations show that high-energy proton accelerators capable of producing above 250 kW of beam power can be used without subcritical pile optimization for producing 2 kg/year of plutonium from natural uranium oxide cooled by light water. Very high multiplication (>50) in the blanket lattice may not be desirable because the system then approaches a critical reactor and may not be sufficiently safe from a criticality standpoint after plutonium builds up.
Heat removal requirements for high power density have yet to be fblly examined but may not be a significant concern since the blankets would be operating at low power densities. Other factors to take into account are technical aspects of the target design (such as net neutron production from spallation and multiplication in target material and the target system neutron leakage) and of the blanket design (such as blanket lattice multiplication plutonium production efficiency in the blanket lattice; and reactivity feedbacks in the blankeg including xenon poison production and increased temperatures if the blanket is operated at high power densities).
Given the results of the calculations by A.NL and ORNL, there are a number of accelerator facilities in the world which meet the requirements of accelerator power and beam energy and would be theoretically capable of producing quantities of plutonium that would be of proliferation concern within 1 year. Medium-energy particle accelerators, including cyclotrons, are a feasible and commercially available means of producing plutonium, Several known commercial accelerator design consultants may be capable of designing suitable systems. These accelerators need to be enhanced by high levels of blanket multiplication to produce quantities of plutonium sufficient to be of concern. Setup this way, the blanket acts as a subcritical reactor.
Recommendations for Further Study
The major fwus of future work should be to identi~equipment and technologies that are most critical to the design, fabrication, construction, and operation of accelerator-driven systems that can be used for the production of fissile material. However, additional analyses are needed to better examine the capabilities of a few selected blanket designs that are the most likely candidates for consideration by a potential proliferator. The work would benefit greatly from quantifying the effects of thermal-hydraulic and structural-mechanical aspects of target design on plutonium production. For lower-energy particle accelerators using high-multiplication blankets, addhional studies are needed to quanti& precisely the effects of blanket feedbacks, including the effects of xenon and temperature, on production levels. The effect of blanket structures and structural materials must be quantified for the water-moderated, water-cooled blanket optimized for maximum subcritical multiplication. Finally, some effort is needed to quanti~the proliferation potential, if any, of heavyion accelerators and ion-implantation devices that would operate at lower energies and might potentially take advantage of specific nuclear interaction thresholds that may exist for very heavy metal atom targets and heavy ions.
